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Macrophage polarization into M1 or M2 phenotypes
dictates the nature, duration, and severity of an in-
flammatory response. The objective of this study was
to examine the role of CC chemokine receptor 4
(CCR4) in macrophage polarization during pulmo-
nary oxidative injury in wild-type [WT (CCR4*/*)] and
CCR4-deficient (CCR4™/7) mice. Intrapulmonary ad-
ministration of bleomycin sulfate provoked lethal in-
flammatory and fibrotic responses in WT (CCR4%/*)
mice, but such responses were absent in CCR4™/~
mice. Transcript and protein analyses of alveolar and
bone marrow-derived macrophages showed that cells
isolated from CCR4 /" mice did not exhibit CCL17-
dependent M1 activation in response to bleomycin.
Instead, CCR4~/~ macrophages showed an M2 phe-
notype characterized by significantly elevated expres-
sion of arginase 1 and FIZZ1 (found in inflammatory
zone 1), particularly during the peak of pulmonary
inflammation. Compared with WI (CCR4*’*) mice,
CCR4~’~ mice exhibited a significant increase in the
expression of the nonsignaling CC chemokine scav-
enging receptor D6 in whole lung samples and isolated
macrophages. Thus, these results demonstrate that
CCL17-dependent activation of CCR4 in macrophages
plays a central role in free radical-induced pulmonary
injury and repair. (4mJ Pathol 2008, 172:1209-1221; DOI:
10.2353/ajpath.2008.070832)

Idiopathic pulmonary fibrosis (IPF) is a fatal, interstitial
lung disease characterized by relentless tissue scarring
for which there is no effective therapy. The diagnostic
lesion of IPF is the fibroblastic foci comprised of a heter-
ogeneous mix of epithelial cells and fibroblasts, which, it
is postulated, forms as a result of an inappropriate wound
healing response to an unknown injurious agent.” Al-

though the importance of inflammation in IPF remains
controversial, some component of the inflammatory re-
sponse appears to be necessary for the development
and maintenance of fibrogenesis.?> The importance of
inflammation in this process is particularly evident during
acute exacerbations of IPF, which is characterized by
profound inflammatory cell infiltration and fibroblastic
proliferation and differentiation.® Thus, it is imperative to
understand the cellular and molecular events that ensue
during the inflammatory phase after an injurious insult
because these early events have a dramatic effect on the
magnitude and duration of the resolution phase.
Chemokines are soluble protein mediators that link
inflammation to fibrogenesis through their ability to attract
and modulate the activity of a variety of immune and
nonimmune cells to sites of injury in need of tissue re-
pair.® One consequence of chemokine activity in the
fibrotic lung appears to be the persistence of a Th2-type
cytokine microenvironment, which favors a number of
profibrotic events including the proliferation, differentia-
tion, and synthetic properties of fibroblasts, epithelial
cells, T cells, and macrophages.® Specifically regarding
macrophages, bronchoalveolar lavage (BAL)-derived hu-
man® and mouse’ macrophages exhibit an alternative
activation (or M2) profile, characterized by the increased
expression of arginase | (Arg1). M2 macrophages can be
distinguished from classically activated macrophages
(M1) by their increased expression of Arg1 and found in
inflammatory zone 1 (FIZZ1), and by their expression
patterns of inducible nitric oxide or nitric oxide synthase
2 (NOS2).2 The precise nature of the stimuli that regulate
M1 and M2 activation within the inflamed and fibrosing
lung remain to be determined but it was recently shown
that CCL17, a CCR4 ligand, is integral to regulating the
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activation of both subsets of macrophages.t® Several
studies of clinical samples and animal models of pulmo-
nary fibrosis have implicated CCR4 and CCL17 in fibrosis
of the lung and elsewhere. "

Because chemokines are potent regulators of effector
cell functions, endogenous strategies for modulating
chemokine activity exist in nature.’® Silent chemokine
receptors that lack signal-transducing properties appear
to serve as scavengers of chemokines by competing with
signaling chemokine receptors and dampening the in-
flammatory response.’® Additionally, it is hypothesized
that these receptors associate with cellular transport
machinery and participate in the neutralization of chemo-
kines at endothelial barriers.''® The chemokine recep-
tor D6 is a nonsignaling receptor that undergoes ligand-
independent internalization, selectively binds inflammatory
CC chemokines, and targets them for intracellular degrada-
tion."® Although structurally similar to other chemokine re-
ceptors, it is most homologous to CCR4 and CXCRS3, thus
binding their ligands with highest affinity."” In vitro studies
using D6/~ mice have established a role for D6 in the
resolution of various inflammatory disease models. 82"

In the present study we investigated the mechanism by
which CCR4 regulates fibrogenesis in a bleomycin model
of pulmonary fibrosis. Specifically, our study addressed
the role of CCR4 in the early oxidative injury induced by
bleomycin, and the later role of this chemokine receptor
on the fibrotic remodeling process. Our data demonstrate
a role for CCL17 in the inflammatory or M1 activation of
lung-associated and bone marrow-derived macrophages
leading to NOS2 induction and oxidative injury. More-
over, our data implicates the scavenging receptor D6 as
a novel component in the regulation of CCL17-mediated
macrophage function in the development of bleomycin-
induced pulmonary fibrosis.

Materials and Methods
Mice

Specific pathogen-free male C57BL/6 [wild-type (WT),
WT (CCR4"/*)] mice (6 to 8 weeks of age) were pur-
chased from Taconic (Germantown, NY). CCR4 /'~ mice
were generated as previously described in detail,®? bred,
and housed under specific pathogen-free conditions.
The Animal Use Committee at the University of Michigan
(Ann Arbor, Ml) approved all protocols and experiments
described herein.

Bleomycin Model of Pulmonary Inflammation
and Fibrosis

WT [WT (CCR4™/*)] and CCR4 ™/~ mice received 0.05 U
of bleomycin (Blenoxane, sterile bleomycin sulfate; Bris-
tol-Meyers Pharmaceuticals, Evansville, IN) dissolved in
phosphate-buffered saline (~1.7 U/kg) via an intratra-
cheal injection. Groups of WT (CCR4™/*) and CCR4~/~
mice (n = 5to 10 per time point) were monitored for their
survival. Other groups were sacrificed and their lung
tissues were analyzed at days 1, 3, 7, and 21 after bleo-

mycin injection. Untreated mice (n = 5) did not receive
bleomycin and this time point was designated as day 0.

Hydroxyproline Assay

Left lobe samples from WT (CCR4*/*) and CCR4~/~
mice (n = 5/group/time point/experiment) before (ie, day
0) and at day 21 after bleomycin challenge were ana-
lyzed for hydroxyproline using a previously described
assay.?® Hydroxyproline concentrations were calculated
from a hydroxyproline standard curve (0 to 100 ng of
hydroxyproline/ml). The hydroxyproline levels in each
sample were normalized to the protein (in mg) present in
each sample measured by the Bradford protein assay.

Bronchoalveolar Lavage

BAL samples were obtained via the instillation of a total of
5 ml of Hanks' balanced salt solution plus 5 mmol/L
ethylenediaminetetraacetic acid (at 4°C) into each mouse.?*
For cytospin preparations, cells were centrifuged at
400 X g for 5 minutes using a Cytospin Il (Shandon
Scientific, Pittsburgh, PA) and stained with Diff-Quik
(Dade Behring Inc., Newark, DE) for viewing under a light
microscope at X40 magnification.

BAL Macrophage Culture

Alveolar macrophages were obtained from the BAL of WT
[WT (CCR4"/")] and CCR4~/~ mice before and at vari-
ous times after intrapulmonary bleomycin challenge. BAL
cells were plated in 24-well tissue culture plates at a
density of 2.5 X 10° cells/ml in RPMI plus 15% fetal calf
serum and incubated for 1 hour at 37°C. Nonadherent
cells were discarded and adherent alveolar macro-
phages were subjected to RNA isolation for quantitative
TagMan polymerase chain reaction (PCR) analysis.

Isolation and Culture of Bone Marrow-Derived
Macrophages

Before and at various times after intratracheal bleomycin
challenge, macrophages were cultured from the bone
marrow cells flushed from femur and tibia bones with cold
RPMI 1640. Bone marrow cells from a minimum of five WT
(CCR4™*) or CCR4 ™/~ mice were pooled and cultured in
60-mm? tissue culture dishes with bone marrow medium
containing L-cell supernatant as a source of macrophage
colony-stimulating factor. On day 3, fresh bone marrow
medium was added to each culture. On days 6 or 7 after
the initiation of each bone marrow cell culture, bone
marrow-derived macrophages were transferred to 24-
well plates at a cell density of 2 X 10° cells/well. After 24
hours, one of the following was added to triplicate wells:
treatment media (RPMI 1640 plus 0.5% fetal calf serum),
CCL22 (10 ng/ml), or CCL17 (10 ng/ml) and incubated for
24 hours at 37°C. CCL22 and CCL17 (<1.0 EU endotoxin
level per 1 ug) were purchased from R&D Systems (Min-



neapolis, MN). RNA was isolated and purified from each
well.

Real-Time TagMan PCR Analysis

Total RNA was prepared from whole lung samples, alve-
olar macrophages, and bone marrow-derived macro-
phages using the TRIzol reagent according to the man-
ufacturer’s directions (Invitrogen, Carlsbad, CA). A total
of 1.0 ug (from whole lung) or 2.0 ng (BAL or bone
marrow macrophages) RNA was reverse-transcribed into
cDNA using M-MLV reverse transcriptase (Invitrogen).
The cDNA (1.0 pg) was then amplified by real-time quan-
titative TagMan PCR using an ABI Prism 7700 sequence
detection system (Applied Biosystems, Foster City, CA).
GAPDH was analyzed as an internal control. TagMan
gene expression reagents were used to assay CCL17,
CCL22, Arg1, and D6 (Applied Biosystems). SYBR Green
Master PCR mix (Applied Biosystems) was used to am-
plify NOS-2, TLR3, and TLR9. Primers for NOS2 were
5'-CGCAGCTGGGCTGTACCAA-3" and 5'-TGATGTTTGCT-
TCGGACATCA-3', for TLR3 were 5'-CCCAGCTCGATCTTTC-
CTACA-3' and 5-AGGCTTGGGAGATAGGAGAAG-3', and
for TLR9 were 5'-AGCTGAACATGAACGGCATCT-3" and 5'-
TGAGCGTGTACTTGTTGAGCG-3'. Primers used for FIZZ-1
TagMan analysis were 5-TCCAGCTAACTATCCCTC-
CACTGT-3" and 5-GGCCCATCTGTTCATAGTCTTGA-3" and
the probe was 6FAM-5'-CGAAGACTCTCTCTTGCT-3'-
TAMRA. Whole lung gene expression in WT (CCR4*/") and
CCR4~/~ mice is expressed as a fold-increase in tran-
script expression in bleomycin-challenged lung com-
pared with unchallenged lung. In vitro data are expressed
as the fold increase in transcript expression in chal-
lenged macrophages compared with macrophages incu-
bated in medium alone. The fold difference in mMRNA
expression between treatment groups was determined
by software developed by Applied Biosystems.

Whole Lung Histological Analysis

Whole lungs from unchallenged (ie, day 0) and bleomy-
cin-challenged mice were fully inflated with 10% formalin,
dissected, and placed in fresh formalin for 24 hours.
Routine histological techniques were used to paraffin-
embed the entire lung, and 5-um sections of whole lung
were stained with hematoxylin and eosin (H&E) or Mas-
son Trichrome.

D6 Immunohistochemistry

Paraffin-embedded whole lung samples were analyzed
using routine immunohistochemical techniques for the
presence of D6. Goat anti-mouse D6 was obtained
from Capralogics (Hardwick, MA) and lungs were
stained with the mouse horseradish peroxidase-diami-
nobenzidine cell and tissue staining kit according to
the manufacturer’s instructions (R&D Systems). Other
histological samples were immunostained with control
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antibodies (IgG isotype controls and horseradish per-
oxidase substrate).

Cytokine and Chemokine Enzyme-Linked
Immunosorbent Assay (ELISA) Analysis

CCL2, CCL3, CCL5, CCLe, CCL17, CCL22, CXCL1, CXCL2,
CXCL9, CXCLA10, interferon-y, C10, interleukin (IL)-10, IL-12,
IP-10, tumor necrosis factor, IL-4, IL-13, and transforming
growth factor-B were detected in 50-ul samples of cell-
free supernatants from whole lung homogenates using a
standardized sandwich ELISA technique (R&D Systems).
Cytokine and chemokine levels in each sample were
normalized to the protein present in cell-free preparation
of each sample measured by the Bradford protein assay.

Flow Cytometric Analysis

BAL cells from WT (CCR4 /") and CCR4~/~ mice at day
1 after bleomycin challenge were stained with the indi-
cated Abs (BD Pharmingen, San Diego, CA) or with the
Fluorokine kit containing mouse CCL17 biotin conjugate
and avidin-fluorescein isothiocyanate (FITC) according to
the manufacture’s instructions (R&D Systems) and ana-
lyzed using a FACSCalibur and Cell Quest software (BD
Biosciences, San Jose, CA).

Statistical Analysis

All results are expressed as mean = SEM. The means
between groups at different time points were compared
by two-way analysis of variance. Individual differences
were further analyzed using the unpaired t-test with
Welch correction or Tukey-Kramer multiple comparisons
test where indicated. Values of P < 0.1 (*), P < 0.01 (**),
and P < 0.001 (***) were considered significant.

Results

CCR4~"~ Mice Were Completely Protected
against the Lethal Effects of Bleomycin-Induced
Pulmonary Fibrosis

Bleomycin sulfate induces a severe, progressive pulmo-
nary remodeling response that leads to respiratory failure
and death. In the present study, age-matched male WT
and CCR4 '~ mice were challenged intratracheally with
1.7 U/kg of bleomycin dissolved in normal saline.?>27
Deaths were first observed at day 7 after bleomycin
challenge in the WT group and all of these mice were
dead at day 26 after bleomycin. Conversely, no deaths
were observed in the CCR4~/~ group through to day 26
after bleomycin challenge (Figure 1A). Because all WT
mice were dead at day 26, day 21 was selected as the
endpoint for an analysis of the pulmonary fibrotic re-
sponse in both groups of mice. As shown in Figure 1B,
WT (Figure 1B, a and b) and CCR4 '~ (Figure 1B, ¢ and
d) whole lung samples did not differ histologically before
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Figure 1. CCR4~/~ mice were protected from the lethal and pulmonary remodeling effects of bleomycin challenge A: Percent survival of WT versus CCR4™/ ™
mice after bleomycin challenge. B: Histological analysis of lungs and quantification of collagen deposition after bleomycin challenge. Representative H&E-stained
histological sections: untreated WT (CCR4™/*) mouse lung (a), untreated CCR4~/~ mouse lung (c), WT (CCR4 /") mouse lung at day 21 after bleomycin (e),
CCR4™/~ mouse lung at day 21 after bleomycin (g). Representative Masson-trichrome histological sections: untreated WT (CCR4*/*) (b), untreated CCR4 ™/~

mouse lung (d), WT (CCR4™ ") mouse lung at day 21 after bleomycin (f), CCR4™/~ mouse lung at day 21 after bleomycin (h). C: Hydroxyproline levels in whole
lung homogenates from untreated or bleomycin-challenged mice. Data are mean * SEM from four to five mice at each time point. **P < 0.001, *P < 0.01.

bleomycin challenge. In contrast, whole lung samples
from WT mice on day 21 after bleomycin exhibited in-
creased inflammation (Figure 1Be) and extracellular ma-
trix deposition (Figure 1Bf) compared with whole lung
samples from CCR4~/~ mice at the same time after bleo-
mycin (Figure 1B, g and h). These differences in lung
histology between WT and CCR4 /" lungs are detect-
able as early as day 14 after bleomycin, although no
striking differences in inflammation were detected on
earlier time points (days 1, 3, and 7 after bleomycin; data
not shown). Figure 1C summarizes the whole lung hy-
droxyproline levels detected before and at day 21 after
bleomycin challenge. Hydroxyproline levels in whole lung
samples from WT mice were significantly increased at
day 21 compared with whole lung samples from
CCR4 '~ mice before bleomycin challenge (Figure 1C).
Whole lung samples from CCR4 '~ mice exhibited simi-
lar hydroxyproline levels to those observed in WT before
bleomycin, and levels of hydroxyproline in this group
were not elevated above day 0 levels (Figure 1C). More
importantly, hydroxyproline levels were significantly lower
in CCR4™/~ whole lung samples compared with WT

whole lung samples at day 21 after bleomycin (Figure

C). Together, these data demonstrated that CCR4 ™/~
mice were markedly protected from the deleterious ef-
fects of systemic bleomycin challenge.

CCRA4 Deficiency Altered the Transcript and/or
Protein Expression of CCL17 and CCL22 in
Whole Lung and Macrophages after
Bleomycin Challenge

The absence of a chemokine receptor through gene de-
letion often leads to overt increases in the expression of
the chemokine ligand(s) that bind that receptor.2® The
CC chemokines, CCL17 and CCL22, share the receptor
CCR4. Thus, in the present study, we addressed whether
the absence of CCR4 contributed to increased CCL17
and CCL22 transcript and protein expression before and
after bleomycin challenge. A quantitative PCR analysis of
whole lung (Figure 2A) revealed that CCL17 transcript
levels in the CCR4 /" groups did not exceed those de-
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Figure 2. Quantitative TagMan PCR and ELISA analysis of CCL17 and CCL22
expression in whole lung samples after bleomycin challenge. CCL17 tran-
script expression in whole lung homogenates at days 1, 3, 7, or 21 after
bleomycin (A), and in bone marrow-derived macrophages at the same times
after bleomycin (B). CCL22 transcript expression in whole lung homogenates
at days 1, 3, 7, or 21 after bleomycin (C), and in bone marrow-derived
macrophages at the same times after bleomycin (D). For all TagMan analyses,
the data were expressed as the fold-increase in transcript expression above
transcript levels measured in whole lung or macrophage samples before
bleomycin challenge. ELISA analysis of CCL17 (E) and CCL22 (F) in whole
lung homogenates from WT (CCR4*/™) and CCR4 ™/~ mice at day 21 after the
bleomycin challenge. Data are mean * SEM from four to five mice at each
time point. *P < 0.01. N.S. = not significant.

tected in the WT groups at any time before and after
bleomycin. Furthermore, at day 21 in whole lung samples
CCL17 transcript levels were significantly lower in the
knockout group compared with the WT group. A similar
analysis of CCL22 transcript levels in whole lung (Figure
2C) showed that transcript levels for this CCR4 ligand
were not changed in whole lung samples at days 1 and
21 after bleomycin challenge. Using an ELISA analysis of
whole lung samples, we observed that CCL17 protein
levels were significantly lower at day 21 after bleomycin
in the CCR4™/~ group compared with the WT group
(Figure 2E) but CCL22 levels did not significantly differ
between the two groups (Figure 2F).

Recent data from our laboratory has shown that pul-
monary immune responses can affect bone marrow mac-
rophage phenotype.?® Because macrophages are abun-
dant producers of CCL17 and CCL22 in the lung tissue,
we next investigated whether the production of CCR4
ligands by these cells was altered in bleomycin-chal-
lenged CCR4 ™/~ mice. Similar to results obtained from
assessing the whole lung, quantitative PCR analysis of
bone marrow-derived macrophages (Figure 2B) also re-
vealed that CCL17 transcript levels in the CCR4~/~
groups did not exceed those detected in the WT groups
at any time before and after bleomycin. Furthermore, at
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days 1 and 3 in bone marrow-derived macrophages
CCL17 transcript levels were significantly lower in the
knockout group compared with the WT group. A similar
analysis of CCL22 transcript levels in bone marrow-de-
rived macrophages (Figure 2D) also showed that tran-
script levels for this CCR4 ligand were significantly ele-
vated in cultured macrophages after bleomycin
challenge. Collectively, these data showed that the ab-
sence of CCR4 generally resulted in significantly lower
CCL17 transcript and protein levels in whole lung and
cultured macrophages. In contrast, CCR4 deficiency re-
sulted in unchanged or significantly higher CCL22 tran-
script, and no difference in protein levels in these same
tissues.

CCR4 Deficiency Had a Minor Effect on
Inflammatory and Immune Cell Recruitment into
the Lung after Bleomycin Treatment

We next determined whether the absence of CCR4 af-
fected the early recruitment of inflammatory leukocytes
into the lung after bleomycin challenge. Cells present in
the BAL 1 day after bleomycin challenge were analyzed
according to their forward scatter and side scatter char-
acteristics by flow cytometry as well as for their expres-
sion of CD11b and CD11c as previously described.3°
The data demonstrate that the quantity of dendritic cells
(Figure 3A), monocytes (Figure 3A), macrophages (Fig-
ure 3, A and B), granulocytes (Figure 3, A and C), and
alveolar macrophages (Figure 3A) present in BAL sam-
ples from WT and CCR4 ™/~ BALF were similar. Interest-
ingly, microscopic analysis of BAL cytospins from both
groups of mice at days 1 (Figure 3D, a and b), 3 (Figure
3D, ¢ and d), and 7 (Figure 3D, e and f) after bleomycin
suggested that the macrophage population present in
the CCR4~/~ group were morphologically distinct from
the WT group. Specifically, we noted that the macro-
phages present in CCR4 ™/~ BAL samples were consis-
tently larger and were of a foamy appearance (Figure 3D,
b, d, and f) compared with similar cells present in WT
BAL samples (Figure 3D, a, c, and e). Together, these
data showed that the absence of CCR4 did not alter the
movement of inflammatory cells but its absence ap-
peared to alter the morphology of macrophages in the
alveolar compartment of bleomycin-challenged mice.

Macrophages Present in the BAL from
Bleomycin-Challenged CCR4~"~ Mice
Showed a Transient Significant Increase in the
Expression of Arg1 and FIZZ-1 Transcripts
and No Increase in the Expression of

NOS2 Transcript

To further explore the nature of the activation state of
macrophages in the alveolar compartment during the
acute inflammatory phase after bleomycin challenge, the
transcript expression of known markers for M2 (ie, Arg1
and FlZZ-1) and M1 macrophages (ie, NOS2) were de-
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termined before and at days 1, 3, and 7 after bleomycin
treatment in WT and CCR4~/~ mice. Baseline (ie, day 0)
quantitative analysis of transcript levels of Arg1 (Figure
4A), FIZZ-1 (Figure 4B), and NOS2 (Figure 4C) revealed
that all were similar in the WT and CCR4 '~ groups. The
most striking observation was that BAL-derived WT mac-
rophages maintained a steady increase in the transcript
levels of Arg1 and NOS2 through day 7 after bleomycin
challenge compared to CCR4 '~ macrophages (Figure
4A). Moreover, NO, production (measured by the Griess
reagent) by BAL macrophages was also elevated in WT
mice compared to CCR4~/~, which demonstrated unde-
tectable NO, in macrophage cell supernatants by day 3
(data not shown). Interestingly, FIZZ-1 transcript levels
were not increased at any time after bleomycin challenge
in BAL-derived WT macrophages (Figure 4B). Another
striking observation was that NOS2 was undetectable in
CCR4™/~ macrophages during the acute inflammatory
phase (Figure 4C), whereas Arg1 and FIZZ1 transcript
levels were increased at the day 1 time point only in

Figure 3. Cell quantification in BAL samples at days 1, 3, and 7 after bleomycin challenge. Flow cytometric
analyses: relative numbers of DCs, monocytes/macrophages, granulocytes, and alveolar macrophages in
the BAL at day 1 after bleomycin challenge based on CD11b and CD11c¢ expression (A), and the presence
(B, macrophages) and absence of MHC II (C, granulocytes). D: Cytospin analysis. BAL samples were
collected at days 1, 3, and 7 after bleomycin challenge, centrifuged onto glass slides, stained with
Diff-Quik, and then visualized by light microscopy at X200 magnification. The representative photomi-
crographs shown are as follows: a: WT (CCR4*/™) day 1; b: CCR4™/~ day 1; ¢: WT (CCR4™/™) day 3; d:
CCR4™/~ day 3; e: WT (CCR4™'") day 7; and £: CCR4™/~ day 7.

BAL-derived CCR4~/~ macrophages (Figure 4, A and B).
These increases in Arg1 and FIZZ1 transcript expression
at the day 1 time point were significantly greater than those
detected in BAL-derived WT macrophages (Figure 4, A and
B). These data indicate that on day 1 after bleomycin chal-
lenge, BAL-derived WT macrophages in the alveolar com-
partment exhibited a transient M1 phenotype in contrast
to CCR4~/~ macrophages, which exhibited a transient
M2 phenotype.

CCL17 Induced NOS2 and CCL22 Suppressed
Arg1 Expression in WT Bone Marrow-Derived
Macrophages

Because we detected a progressive significant increase
in NOS2 transcript expression by BAL-derived WT mac-
rophages but not by BAL-derived CCR4 /= macro-
phages, we next determined whether CCR4 ligands
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Figure 4. Determination of the BAL macrophage phenotype in WT (CCR4*/™) and CCR4™/~ during the acute inflammatory phase. Cells present in the BAL from
WT (CCR4™™) and CCR4™/~ mice before and at days 1, 3, and 7 after bleomycin challenge were plated in tissue culture plates at a density of 2.5 X 10 cells/ml
in RPMI plus 15% fetal calf serum and incubated for 1 hour at 37°C. Nonadherent cells were discarded and adherent cells were subjected to RNA isolation for
quantitative TagMan PCR analysis of Argl (A), FIZZ1 (B), and NOS2 (C) transcript expression. Data are mean * SEM from BAL macrophages cultured from five

mice at each time point. **P < 0.001. N.S. = not significant.

altered NOS2 transcript expression in cultured macro-
phages. For these in vitro experiments, we used bone
marrow-derived macrophages as our surrogate cell line
for the BAL-derived macrophages, because they can be
cultured in sufficient quantities for in vitro studies. One
day after bleomycin challenge, macrophages were se-
lectively cultured from whole bone marrow cells from WT
and CCR4~/~ mice. Both groups of bone marrow-derived
macrophages were exposed to media alone or media
with 10 ng/ml of CCL17 or CCL22 for 24 hours before
NOS2 and Arg1 quantitative transcript analysis. Figure
5A shows that exogenous CCL17 was a potent inducer of
NOS2 expression in bone marrow-derived WT but not
CCR4~/~ macrophages. Exogenous CCL22 was a potent
suppressor of Arg1 expression in bone marrow-derived WT
but not CCR4~/~ macrophages (Figure 5B). In control ex-
periments, lipopolysaccharide treatment of WT and
CCR4™/~ macrophages failed to produce a similar re-
sponse, excluding the possibility of an lipopolysaccharide
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Figure 5. Effect of CCL17 and CCL22 stimulation on NOS2 and Argl tran-
script expression in bone marrow-derived macrophages. Bone marrow-
derived macrophages from WT (CCR4™/™) and CCR4 ™/~ mice at day 1 after
bleomycin challenge were stimulated with one of the following: media (RPMI +
0.5% fetal calf serum), 10 ng/ml of CCL22, or 10 ng/ml CCL17 for 24 hours at
37°C. NOS2 (A) and Argl (B) transcript expression was measured using
quantitative TagMan PCR analysis. For all TagMan analyses, the data were
expressed as the fold-increase in transcript expression above transcript levels
measured in untreated macrophage samples at day 1 after bleomycin chal-
lenge. Data are mean = SEM from bone marrow-derived macrophages
cultured from five mice at each time point. **P < 0.01. N.S. = not significant.

contamination artifact (data not shown). Together, these
data showed that CCL17 and CCL22 have distinct effects
on transcript levels of M1 and M2 markers in macrophages
and these effects are dependent on CCR4 expression.

Whole Lung Levels CCL2, CCL3, CCL17, and
CCL22 Analyzed by ELISA Were Significantly
Increased in WT Mice 1 Day after Bleomycin

A number of chemokines have been implicated in exper-
imental bleomycin-induced fibrosis and these include
CCL2, CCL3, CCL5, CCL17, and CCL22.7028:3134 |n the
present study, we analyzed protein levels of these and
several other CXC chemokine ligands and cytokines in
the lungs at days 1, 3, 7, and 21 after bleomycin and
compared these to untreated day O controls. Of the CC
chemokines we measured, we detected a significant in-
crease in CCL2 (Figure 6A), CCL3 (Figure 6B), CCL17
(Figure 6C), and CCL22 (Figure 6D) during the early
inflammatory phase in the lungs of day 1 WT mice com-
pared to those from the untreated (day 0) mice. In con-
trast, the CCL2, CCL3, CCL17, and CCL22 levels in the
whole lungs of CCR4~/~ mice were not significantly al-
tered on days 1, 3, or 7 after bleomycin injection (Figure
6, A-D). Interestingly, only CCL17 remained significantly
decreased on day 21 in the lungs of CCR4™/~ mice
compared to those of WT mice (Figure 2E). Thus, the
decreased levels of CCL17 in whole lung samples from
CCR4~/~ mice were consistent with the decreased pul-
monary remodeling response evoked by intratracheal
bleomycin.

CCR4~/~ Macrophages Express Increased
Levels of the D6 Scavenger Receptor

A previous report from our laboratory demonstrated that
in the absence of CCR4, both CCL17 and CCL22 levels
were unaffected in response to Aspergillus fumigatus
conidia challenge.®® This observation is in contrast with
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Figure 6. Immunoreactive CC chemokine ligand levels in whole lung ho-
mogenates from WT (CCR4™™) and CCR4™/~ mice before and at days 1, 3,
and 7 days after bleomycin challenge. Significantly elevated levels of CCL2
(A), CCL3 (B), CCL17 (C), and CCL22 (D) were measured in whole lung
homogenates from WT (CCR4™ ™) mice at day 1 after bleomycin challenge
compared to levels of these chemokines in whole lung samples from
CCR4 /™ mice before the bleomycin challenge. Data are mean + SEM from
four to five mice at each time point. **P < 0.001, *P < 0.01, *P < 0.05. N.S. =
not significant.

other data from receptor knockout mice that show en-
hancement of the ligand in the absence of its cognate
receptor.?® This unique observation in our model (Figure
2) directed us toward analyzing the binding of CCL17
and CCL22 by BAL-derived macrophages from WT and
CCR4/~ mice. CCL17 and CCL22 are both ligands for
the scavenging receptor, D6. However, CCL22 is rapidly
inactivated in circulation by dipeptidyl peptidase IV and
this inactive form is not recognized and scavenged by
D6.2"%° Thus, we analyzed the binding of CCL17 on
BAL-derived WT and CCR4 '~ BAL cells both before and
at day 1 after bleomycin. We observed more than twice
as many CCR4~/~ BAL cells stained positive for FITC-
conjugated CCL17 compared to WT mice, suggesting
that CCR4/~ BAL cells bind significantly greater
amounts of CCL17 (Figure 7A). This was particularly sur-
prising because we did not expect to observe any bind-
ing of CCL17 by CCR4 '~ BAL cells. Control experiments
using an irrelevant protein biotinylated to the same de-
gree as CCL17 confirmed the binding specificity of the
FITC-conjugated CCL17 (data not shown). An explana-
tion for this increased binding of CCL17 was found in the
observation that CCR4~/~ BAL macrophages isolated at
day 1 after bleomycin challenge expressed significantly
greater transcript levels of the chemokine scavenging
receptor D6 compared with their WT counterparts (Figure
7B). This hypothesis was strengthened by the observa-
tion that treatment of WT BAL cells with a blocking anti-
body against CCR4 reduced FITC-CCL17 binding (Fig-
ure 7C). More importantly, treatment of CCR4™~/~ BAL
cells with a blocking antibody against D6 also reduced
FITC-CCL17 binding (Figure 7D), indicating that the bind-
ing of FITC-CCL17 to CCR4 '~ BAL cells is attributable to
D6 expression.

To investigate whether CCR4 ligands affect D6 expres-
sion, bone marrow-derived and BAL macrophages iso-

lated from CCR4~/~ mice 1 day after bleomycin treat-
ment were treated in vitro with CCR4 ligands. Although
the levels of D6 expression in BAL macrophages from
untreated (day 0) WT mice that were stimulated with
CCL17 and CCL22 (Figure 7E) did not reach statistical
significance, BAL macrophages from bleomycin-chal-
lenged CCR4 ™/~ mice versus WT mice indeed displayed a
significant increase in D6 expression when stimulated in
vitro with CCL17 (Figure 7F). Moreover, bone marrow
macrophages cultured from WT and CCR4~/~ mice 1
day after bleomycin treatment demonstrated that CCL17
stimulation significantly enhanced D6 expression only in
CCR4~/~ mice (Figure 7G). Thus, these data showed that
macrophages from CCR4 ™/~ mice expressed markedly
greater levels of the chemokine scavenging receptor D6,
especially after bleomycin challenge. Moreover, these
data also suggest the possibility that CCL17 can signal
through another receptor to induce D6 expression when
CCR4 is absent.

Whole Lung D6 Protein Expression Was
Markedly Enhanced in CCR4 ™"~ Mice
Compared with WT Mice after Bleomycin

We next analyzed the protein expression of D6 in whole
lung samples from both groups of mice at days 1 and 21
after bleomycin challenge. As shown in Figure 8A, whole
lung D6 protein staining was greater in CCR4~/~ mice at
day 1 (Figure 8Ae) and 21 (Figure 8Af) after bleomycin
compared with WT mice at the same times after bleomy-
cin treatment (Figure 8A, b and c, respectively). Negative
controls for WT and CCR4/~ whole lung samples are
shown in Figure 8A, a and d, respectively. It is noteworthy
that D6 protein expression was prominently expressed by
alveolar macrophages and in interstitial areas of the lungs of
both WT and CCR4 ™/~ mice at day 1 after bleomycin (Fig-
ure 8A, b and e) but the interstitial expression of D6 ap-
peared to be lost in WT mice (Figure 8Ac). The overall loss
of whole lung D6 protein expression in the WT group mir-
rored the significant decrease in the transcript levels of this
scavenging receptor at day 21 after bleomycin (Figure 8B).
Thus, D6 expression was markedly enhanced in the ab-
sence of CCR4, and this increased expression may explain
the absence of increased chemokine levels in whole lung
samples from CCR4 '~ mice after bleomycin challenge.

Discussion

A number of recent clinical studies show that CCR4-
positive cells are found in greater abundance in pulmo-
nary diseases associated with increased extracellular
matrix deposition including IPF?*3” and collagen vascu-
lar disease.®® The present study addressed the role of
CCR4 and its ligands, CCL17 and CCL22, in the acute
inflammatory and chronic fibrosing effects of bleomycin
sulfate in the lung. Mice lacking CCR4 because of gene
deletion were significantly protected from the lethal in-
flammatory and lung-remodeling effects of bleomycin,
and data presented herein show that a major contribution
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Figure 9. Proposed model for the role of CCR4 in the activation of macro-
phages in bleomycin-induced pulmonary fibrosis. CCR4™": In the presence
of CCR4, CCL17 and CCL22 promote tissue injury through the induction of the
M1 macrophage phenotype (increased NOS2 and decreased Argl expres-
sion). CCR4™/": In the absence of CCR4, the M1 macrophage activation
occurs through the suppression of NOS2 and increased Argl and FIZZ1
expression. The M2 macrophage phenotype favors the up-regulation of D6,
which attenuates inflammation and tissue injury.

to induce NOS2 expression in cultured macrophages
from WT mice, whereas CCL22 inhibited the expression
of Arg1. These effects were absent in CCR4 ™/~ macro-
phages. BAL macrophages from CCR4 ™/~ mice bound
greater amounts of CCL17 compared to WT macro-
phages, and this increased binding may be attributable
to the increased expression of D6, a scavenging chemo-
kine receptor. Surprisingly, CCL17 significantly induced
the expression of D6 in CCR4~/~ but not WT macro-
phages. Collectively, this study provides a macrophage-
specific mechanism through which the absence of CCR4
provides a protective effect during the oxidative lung
injury induced by bleomycin (Figure 9).

Although CCR4 is expressed by a variety of immune
cells including Th2 cells, dendritic cells, NK cells, mono-
cytes, platelets, and basophils,®%° the present study
addressed the role of this receptor on the macrophage
since previous data provided by Belperio and col-
leagues®' emphasized its importance in fibrosis. This
group demonstrated that CCR4 was expressed predom-
inately by macrophages in bleomycin-treated mice, and
the immunoneutralization of CCL17 significantly reduced
the numbers of intrapulmonary macrophages and the
pulmonary fibrotic effect of bleomycin sulfate in mice."
Recently, macrophages have gained considerable ap-
preciation for their role in the initiation and persistence of
pulmonary fibrosis because of their functional plasticity
within a stimulatory microenvironment.*"? The heteroge-
neity of the macrophage is reflected by the immunologi-
cal properties these cells exhibit after defined activation
stimuli. Classically activated, or M1 macrophages in-
duced by Th1 signals (interferon-v, lipopolysaccharide,
tumor necrosis factor), have a capacity to present anti-
gen and provide protection against intracellular patho-
gens by means of increased oxidative burst and nitric
oxide (NO) release.”® M1 macrophages also exert cyto-

toxic activities, resulting partly from their ability to secrete
NO and proinflammatory cytokines such as tumor necro-
sis factor, IL-1, and IL-6.#*%°> M1 macrophages are spe-
cifically equipped to scavenge foreign antigen and cel-
lular debris, promote angiogenesis, tissue remodeling,
and repair.2%® Conversely, M2 macrophages are in-
duced by Th2 cytokines (IL-4, IL-13) and are generally
characterized by low production of proinflammatory cy-
tokines. These macrophages display up-regulation of
FIZZ1, a molecule recently shown to activate fibroblast
and myofibroblast differentiation in bleomycin-induced
pulmonary fibrosis.*”® The functions of the M2 macro-
phage are dependent on the Arg1 pathway, which leads
to polyamine and proline synthesis that contribute to cell
growth, collagen deposition, and synthesis of extracellu-
lar matrix.*°

Although the persistence of M2 cells in tissues has
been linked to clinical*® and experimental” fibrosis, the
transient presence of these cells protects tissues from
oxidative injury. For example, Arg1 expression in macro-
phages has been shown to diminish the tissue injury and
fibrosis associated with the intratracheal instillation of
silica.*! In the present study, we observed that lung and
bone marrow-derived macrophages from CCR4~/~ mice
exhibited transient M2 activation, as evidenced by in-
creased Argl and FIZZ1, and these macrophages did
not show an increase in NOS2 expression at any time
after the in vivo bleomycin challenge. The absence of
NOS2 expression in CCR4 ™/~ macrophages was intrigu-
ing and prompted further examination of the effect of
CCL17 on the expression of this enzyme. We observed
that CCL17 was a potent inducer of NOS2 in WT but not
CCR4~/~ macrophages. CCL22 had no effect on the
expression of NOS2 in either macrophage group. At
present the mechanism through which CCL17 induced
NOS2 is not evident but these findings are in agreement
with a previous clinical study showing that therapeutic
improvement in pediatric asthma was associated with
decreased NO and CCL17.%° The present study also
demonstrated that CCL22 inhibited the expression of
Arg1 in WT but not CCR4 ™/~ macrophages. The inhibi-
tory effect of CCL22 on Arg1 expression is not readily
explained by previously published observations. Another
question arising from the present study pertains to the
discrepant effects of these chemokine ligands on the
L-arginine-using enzymes. To date, CCR4 is a functional
receptor for both ligands®' and yet we'' and others®’
have shown that CCL17 and CCL22 have divergent roles
in pulmonary disease. This discrepancy may be ex-
plained by the fact that CCL17 and/or CCL22 can bind to
molecules other than CCR4 but little evidence has
been presented to show that these additional interac-
tions involve functional chemokine receptors.

Data from the present study showed that significantly
higher levels of FITC-labeled CCL17 bound to CCR4 ™/~
macrophages compared with WT macrophages. These
data suggested that CCL17 was binding another recep-
tor on macrophages and further investigation revealed
that this binding receptor was D6. D6 is a decoy receptor
because it lacks the DRY motif in the second intracellular



loop as well as the TXP motif in the second transmem-
brane domain, which are critical for the G-protein cou-
pling and signaling functions of chemokine receptors.'®
D6 binds inflammatory CC chemokines ligands that nor-
mally interact with CCR1, CCR2, CCR3, CCR4, and
CCR5. However, CCL22 is rapidly deactivated in circu-
lation by enzymatic cleavage, and this processed form is
not recognized by D6.%° D6 is highly expressed by en-
dothelial cells of lymphatic afferent vessels in the skin,
gut, and lung?2:21:36:5253 and on macrophages and tro-
phoblasts' and we have also detected D6 expression in
human lung fibroblasts from healthy and fibrotic patients
(G.T. and C.M.H., unpublished data). D6 functions to
negatively regulate its chemokine ligands by constitu-
tively binding and internalizing them for intracellular deg-
radation. This chemokine-scavenging function has been
reported to be completely dependent on D6 interaction
with the cytoplasmic adaptor, B-arrestin, because cells
deficient in B-arrestin fail to display surface expression of
D6.5* Of interest in the present study was the observation
that CCL17 induced the expression of D6 in bone mar-
row-derived and BAL macrophages from CCR4~/~ but
not WT mice. Moreover, histological data suggests that
treatment of CCR4 ™/~ mice with a neutralizing antibody
against D6 before bleomycin challenge results in in-
creased lung injury and inflammation, as well as clusters
of shed alveolar epithelial cells and several types of
inflammatory cells (including neutrophils and macro-
phages) present in the BAL (G.T. and C.M.H., unpub-
lished data). The mechanism through which CCL17 aug-
ments D6 expression in CCR4/~ macrophages is
unknown at present. The data presented herein inspires
further analysis of D6 regulation, and studies are pres-
ently underway in our laboratory to determine whether
CCL17 can signal through D6, and whether this signaling
process is B-arrestin-dependent. Together, these data
suggest that D6 expression provides protection against
bleomycin-induced pulmonary injury.

In conclusion, lung injury attributable to the intrapul-
monary introduction of bleomycin is mediated, in part, via
a CCR4-dependent mechanism specific to macro-
phages. CCL17 and CCL22 differentially regulate the
L-arginine using enzymes NOS2 and Arg1, respectively.
In the absence of CCR4, lung and bone marrow macro-
phages appeared to transiently revert to a M2 phenotype
characterized by Arg1 and FIZZ1 expression, which ap-
pears to limit the pulmonary destructive effects of bleo-
mycin and limits the corresponding inflammatory response.
Also, the CCR4-deficient macrophage expressed signifi-
cantly greater amounts of the scavenging chemokine re-
ceptor D6, which was positively regulated by CCL17. Thus,
these data support therapeutically targeting CCR4 during
the inflammatory phase that predispose the lung to progres-
sive and lethal fibrosis. Pignatti and colleagues®* have pre-
viously reported that CCR4 and CCL17 are elevated in BAL
from patients with IPF compared to healthy control patients
or patients with sarcoidosis. Therefore, the targeting of
CCR4 may be a particularly relevant approach to the recent
clinical evidence that describes acute exacerbations in IPF
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patients.®® Studies that explore the role of the macrophage
in acute exacerbations of IPF in human cells are currently
underway in our laboratory.
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